Huge local field enhancement in perfect plasmonic absorbers 
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In this Letter we theoretically study the possibility of total power absorption of light in a planar 
grid modelled as an effective sheet with zero optical thickness. The key prerequisite of this effect 
is the simultaneous presence of both resonant electric and magnetic modes in the structure. We 
show that the needed level of the magnetic mode is achievable using the effect of substrate-induced 
bianisotropy which also allows the huge local field enhancement at the same wavelength where the 
maximal absorption holds. 
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Total absorption (TA) of light at a certain wavelength 
in a lossy layer located on a substrate implies simulta- 
neous suppression of both reflection of the incident wave 
and transmission of this wave into the substrate. This ef- 
fect has been applied in optical sensing and energy har- 
vesting devices [l|-|6|. However, in the majority known 
optical absorbers the TA regime is not achievable and can 
be only more or less approached [7|. In the microwave 
and mm wave ranges the TA was engineered exactly in 
the so-called Dallenbach absorber (see e.g. in [8|) which 
comprises a metal substrate. In the optical range the 
TA was obtained in the so-called coherent perfect ab- 
sorber using two incident waves [9|. In both these cases 
the absorber was a bulk lossy layer and the destructive 
wave interference in presence of two reflecting boundaries 
was used. Recently, the TA has been predicted for so- 
called perfect plasmonic absorbers (PPA) [10|-ll2|. PPA 
is a very thin and optically dense planar grid of plas- 
monic nanoparticles (nanodisks or nanopatches) sepa- 
rated by an optically thin dielectric gap from a metal sub- 
strate. Planar grids of resonant particles can be homog- 
enized using the surface averaging of their microscopic 
responses (see e.g. [13, [ij])- Such homogenized resonant 
grids presented as infinitesimally thin sheets of surface 
polarization were called metasurfaces or metafilms. The 
mechanism of the TA in known PPAs is still the de- 
structive wave interference. The wave reflected from the 
metal substrate cancels out with that reflected from the 
metafilm ll|,|l2]- This cancellation becomes possible due 



to the resonant properties of the plasmonic grid. 

In the present Letter we suggest a novel type of PPA 
with another mechanism of the TA and with an addi- 
tional functionality. In our PPA the transmittance into 
the substrate is prevented even if the substrate is trans- 
parent and the reflectance is prevented in the absence of 
the second reflecting boundary. The TA is achieved due 
to the combination of the electric and magnetic modes in 
the structure. Additionally, our PPAs possess huge local 
field enhancement (LFE) in strongly subwavelength vol- 
umes. The effect of LFE is very important in numerous 
applications and has been recently widely studied (see 



e.g. 15l-[23|). The combination of TA and LFE is very 
advantageous, e.g. for the surface enhanced Raman scat- 
tering (SERS). In many of SERS schemes the LFE holds 
in a targeted spatial region (e.g. at the nanopatterned 
surface of silver or gold) and results in the giant enhance- 
ment of the Raman radiation from this region 23|, l2J] . 
Both reflected and transmitted waves are parasitic sig- 
nals whose presence hinders the detection of the Raman 
radiation from the targeted spatial region [23|,|24|. Thus, 
for prospective SERS schemes it is advantageous to use 
PPAs (if they possess the LFE effect). 

First, let us show that it is possible to achieve the 
TA in a metafilm without any substrate. Consider an 
optically dense planar array of particles possessing both 
electric and magnetic polarizabilities and located in free 
space. Alternatively, we can have in mind one electric 
dipole and one magnetic dipole per unit cell located in 
the grid plane. This planar array can be modelled as 
a metafim with both electric and magnetic surface po- 
larizations [13|, |lj|. Let us show that the TA in the 



metafilm is achievable with realizable parameters describ- 
ing its electromagnetic response. For simplicity the array 
is assumed to be isotropic in the XY-^Aane and a plane 
wave impinging normally to the array plane, see Fig. [T] 
(a). Then according to [iSJ, |25| one can describe the 
response of the effective sheet by two surface susceptibil- 
ities all, and oi^^. The relationship between the electric 
and magnetic surface polarizations and the mean values 
of the electric and magnetic fields at the grid plane can 
be written as 13ll25|: 
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Here < E > and < H > are defined as the averaged 
values of electric and magnetic fields taken on two sides 
of the effective sheet, Vx and My are the electric and 
magnetic surface polarizations, respectively. Using the 
boundary conditions for such metafilms derived in 
1251 ■ we obtain from ([T|): 



13 



R = 



X 



Y 



i + x i + y 



T= 1- 



X 



Y 



1 + X 1 + Y 



(2) 



Here R and T are complex reflection and transmission co- 
efficients, respectively, and it is denoted: X = —^j^a%%, 
Y = — 4 — a™J", where fcn is the free space wave number 
{fiQ and Sq are free space permeability and permittivity, 
respectively). From ([5]) it is easy to see that R = T = 
if electric and magnetic susceptibilities are, respectively, 
equal to: 
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Both required electric and magnetic polarizabilities are 
purely imaginary that is achievable if the electric and 
magnetic resonances of our particles coincide. This is 
definitely a realizable requirement i.e. the regime when 
the absorption coefficient A = 1 — |i?p — jTp equals to 
unity is possible. The key prerequisite is the resonant 
magnetic susceptibility (3-b) created in addition to the 
electric one (3-a). This is not problematic at microwaves, 
however for the visible frequency range becomes chal- 
lenging. Therefore further we show how to engineer the 
surface magnetic polarization for a metafilm without any 
magnetic susceptibility in this range. Moreover we show 
how to combine the TA together with the LFE obtaining 
this way a new functionality of PPA layers. 
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FIG. 1: (Color online) (a) - Horizontally isotropic scatterers 
with both electric and magnetic responses (e.g. magneto- 
dielectric spheres experiencing the magnetic and electric Mie 
resonances at microwaves), (b) - Horizontally isotropic grid 
of plasmonic particles located over a semiconductor substrate. 

The proposed PPA depicted in Fig. [1] (b) comprises 
an optically dense planar grid (e.g. a square array with 
the period p <C A) of plasmonic nanospheres with the 
optically small diameter D located over the surface of a 
strongly refracting half-space at a very small distance s 
from it. In previously known PPAs plasmonic nanopar- 
ticles were thin tablets and the plasmonic grid formed 
the effective plane of reflection clearly distinct from a 
metal interface. Thus, the reflection in previously known 



PPAs was prevented due to the wave interference [11 1 
whereas the transmittance was prevented due to the to- 
tal reflectance of the metal substrate. In the present case 
the distance s between the lower edges of nanospheres 
and the semiconductor surface is much smaller than D 
and the geometry does not contain two effective reflec- 
tion planes. The only reflection plane is the interface 



TABLE I: Dimensions of the PPA and characteristic param- 
eters of materials at the wavelength Ampa=361.9 nm. 



D (nm) p (nm) s (nm) 



e' + ie" 



60 



120 



12.8 -I- il.O (a-Si substrate) 
-1.892 + i0.036 (Silver spheres) 



to which we refer our metafilm. The resonant magnetic 
polarization in our metafilm arises due to the so-called 
substrate-induced bianisotropy which was theoretically 
revealed and studied in [25| for arrays of resonant electric 
dipoles located on top of a half-space with high refractive 
index. For the visible range this implies a semiconductor 
substrate. In our case both reflection and transmission 
are prevented to the balance of the effective electric and 
magnetic polarizations of a metafilm. However, the most 
important effect is the regime of LFE i.e. the new sug- 
gested functionality of our PPA. 

In this paper we consider the normally incident plane 
wave and a free space gap s. This is done for simplic- 
ity and to stress that the wave interference does not 
play any role. The same functionality can be shown for 
obliquely incident waves and for nanospheres located on 
a 1-3 nanometer thick intermediate layer with low re- 
fractive index. Although small plasmonic nanospheres 
possess only the electric dipole response, the presence of 
the high-contrast substrate leads to the excitation of the 
magnetic mode [25|. This fact is illustrated by Fig. [2] 
which also shows the LFE in the proposed scheme of the 
PPA. Fig.[2]is the color map of the electric field amplitude 
in the central cross section of a unit cell. This field dis- 
tribution was simulated at the wavelength Xmpa of max- 
imal power absorption (MPA) achievable for this struc- 
ture {A = 0.99). Dimensions of the structure and param- 
eters of the used materials at Xmpa are summarized in 
Table m see also Fig.[T](b). The complex permittivities of 
Ag and a-Si were taken from [26[ and [271], respectively. 
Since Xmpa is within the range of the plasmon resonance 
of the nanosphere it acquires a large dipole moment. In 
accordance with the quasi-static image principle calculat- 
ing the near field one can replace the substrate by an im- 
age of the nanosphere. The local field is enhanced mainly 
in the gap between the nanosphere and the substrate (see 
Fig. [5]). This is similar to the operation of a nanoantenna 
[16j . This is not a usual situation since the hot spot in 
the gap arises for the horizontal polarization of the in- 
cident field. However a similar mode has been known 
for non-symmetric dimers of plasmonic spheres [28|. In 
this dimer the mode analogous to our one is character- 
ized by a strong local polarization of both spheres near 
their internal edges. In our case the role of the second 
sphere is played by the image of the first one created by 
the substrate. To obtain this regime we need a strong 
optical contrast between two half-spaces and a sufficient 
curvature of the nanoparticle. 
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FIG. 2: (Color online) Color map of the local field amplitude 
normalized to that of the incident wave at the wavelength of 
maximal power absorption. 



Fig. [5] also illustrates the substrate-induced bian- 
isotropy. Since the gap s is very small a noticeable part of 
the hot spot turns out to be located inside the semicon- 
ductor. This local polarization of the substrate is concen- 
trated in a nanovolume at a noticeable distance from the 
effective dipole of the nanosphere. One can check that at 
^MPA these two effective dipoles (they are both horizon- 
tally directed) have opposite phases. The unit cell of the 
proposed PPA is then equivalent to a pair of electric and 
magnetic dipoles. Due to the optical smallness of the cell 
both these dipoles can be referred to the interface. After 
the homogenization the structure becomes an effective 
sheet of resonant electric and magnetic surface polariza- 
tions. Whereas the LFE in the PPA results from the 
curvature of the nanoparticle, the TA can be explained 
as we have done above - using the homogenization model. 

Using the same model as in 25| three effective tangen- 
tial susceptibilities per unit area of the metafilm can be 
introduced by relations: 
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(4) 
are the electro-magnetic and magneto- 
electric surface susceptibilities, respectively. Due to the 
reciprocity we have a|™ = —a^^, and only two suscepti- 
bilities remain in 1^ . Using boundary conditions derived 
in 25[ we relate the complex reflection and transmission 



coefficients R and T with these susceptibilities and obtain 
the retrieval formulas: 
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The solution corresponding to the total absorption 
when R — T = and A = 1 is evident: 
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Imaginary electric susceptibility in ^ is achievable ex- 
actly and corresponds to the maximum of electric losses 
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FIG. 3: (Color online) Coefficients of reflection (amplitude), 
transmission (amplitude), and absorption (power) of the nor- 
mally incident plane wave in the proposed plasmonic struc- 
ture. 



TABLE II: Desired and achieved surface susceptibilities of the 
metafilm with s = A nm at the wavelength Xmpa =361.9 nm. 

susceptibility Desired Obtained 

{F) 2.04 X 10"''*(0 + il) 2.97 x 10"'*'(0.20 + il) 



XX 

em 
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3.84 X 10"'''(0 + il) 4.52 x 10"'''(0.26 + il) 



in the metafilm. Imaginary magneto-electric suscepti- 
bility, on the contrary, corresponds to the absence of 
magneto-electric losses [29|. Strictly speaking the TA 
regime corresponding conditions ([6]) is an idealization: 
one can hardly create a metafilm with lossless electro- 
magnetic (magneto-electric) response. However, one can 
approach the target conditions ^ very closely. We refer 
to this regime as to that of maximal power absorption. 

In our simulations we used both options of the HFSS 
package (the incident plane wave and the wave port) 
thoroughly checking the convergence. Moreover, we have 
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FIG. 4: (Color online) Black line: the square power of the 
local electric field amplitude normalized to that of the inci- 
dent wave versus wavelength for s = 4 nm. The local field is 
calculated at the center of the gap. Blue line with circles: the 
absorbtion coefficient in percent as a function of s calculated 
at wavelengths \mpa{s). 



reproduced the same results using the CST Studio soft- 
ware. Reflection, transmission, and absorption coeffi- 
cients of this PPA versus frequency are plotted in Fig. |31 
Using simulated R and T coefficients (amplitudes and 
phases) and substituting these data into ([5]) we have re- 
trieved the corresponding electric and electro-magnetic 
susceptibilities. The target susceptibilities ^ and those 
retrieved for the proposed PPA at the wavelength Xmpa 
are presented for comparison in Table ITTl For spheres with 
D = 60 nm over the a- Si substrate this disagreement be- 
tween ideal and retrieved susceptibilities is minimal over 
all possible A and s. Further optimization is possible 
varying D and p. 

In Fig. 2] the line with circles shows the dependency 
A{s) calculated for every s at the corresponding Xmpa 
(for s increasing from 1 to 10 nm the wavelength of MPA 
Xmpa decreases from 381 to 358 nm). The resonance of 
the local field intensity normalized to that of the incident 
wave calculated at the brightest point of the hot spot is 
illustrated by the black line without circles in Fig. |4]for 
the optimal height 5 = 4 nm. The effect of the maximal 
LFE holds exactly at the same wavelength as that of 
MPA Xlfe = Xmpa ~ 362 nm. The same observation 
refers to other values of s. 

In this Letter we have theoretically demonstrated a 
possibility of almost total absorption in an optically 
dense planar grid of plasmonic nanoparticles over a trans- 
parent substrate. We have shown that this absorption 
does not result from the destructive wave interference 
as in previously known PPAs. The effect holds due to 
the balance of the electric and magnetic polarizations 
whereas the last one results from the substrate-induced 
bianisotropy. Moreover, this absorption is accompanied 
by a huge local field enhancement. This new functionality 
is granted by an effect similar to the LFE in plasmonic 
nanoantennas. We have checked by numerous simula- 
tions that this huge LFE does not hold for arrays of nan- 
otablets, semi-spheres and other particles without curva- 
ture of the lower part. We have found that the larger 
is this curvature the stronger is the LFE. Though in the 
present paper the gap between the Ag nanospheres and 
the a-Si substrate is assumed to be filled with free space, 
this is not critical. Similar results can be obtained for 
spheres located in a dielectric medium over another semi- 
conductor substrate. Alternatively, nanoparticles can be 
located in free space on a very thin dielectric layer. Lo- 
cal field intensity enhancement (2 — 3) • 10'^ that we have 
revealed above (which is typical for many SERS schemes 
with nanoantennas) can be once more increased in ar- 
rays of touching nanopspheres due to collective effects 
[30, |31j . This modification of the PPA can be probably 
done without the damage for the MPA regime. 

Finally, we want to thank Prof. Sergei Tretyakov and 
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